A series of metal-organic frameworks (MOFs) with tcb net topology and linkers of increasing size (combining triple bonds and benzene rings) is computationally designed using molecular mechanics and density functional 
Introduction
(STP)cm -3 .
Due to advances in molecular simulations, modelling nowadays plays an invaluable role in predicting MOF structures and properties. Structure-property relationships can be obtained with high accuracy and much faster and cheaper than in real experiments [24] [25] [26] [27] [28] . Evaluation of different benchmarking materials has shown that classical force fields provide good agreement of the bulk modulus and linear thermal expansion coefficient with precise firstprinciples calculations 29 . The flexibility of MOFs has been studied based on the assumption that the framework consists of rigid elements connected by hinges 30 . Controlled release of methane molecules from Mg-MOF-74 by means of a molecular gate guided by an electric field has been predicted in Ref. 31 and a computational screening approach for MOF structure design from a library of chemical building blocks (of known compounds), with the target to enhance the methane working capacity, has been introduced in Ref. 32 . A computational technique for evaluating structure-property relationships using algorithms from machine learning has been developed in Ref. 33, demonstrating fast and accurate identification of MOFs for efficient carbon dioxide storage (~300,000 hypothetical
MOFs generated by combining 66 secondary building units and 19 functional groups). Screening of more than 20,000 candidates has led to the conclusion that the volumetric hydrogen total uptake is maximal for MOFs with surface areas in the range of 3100-4800 m 2 /g 34 .
3
a computational approach to screen databases, has been applied to nanoporous structures to identify limits for the methane working capacity 24 and hydrogen total uptake 36 . Hypothetical frameworks have been proposed in Ref. 37 in order to minimize the framework density and maximize the void volume for methane molecules. The highest volumetric total uptake (80% of the US DoE target) has been found in the case of diamond-like networks. The properties of Al-soc-MOFs have been analyzed in Ref. 38 by a molecular simulation approach consisting of two steps, framework optimization on the molecular mechanics level of theory followed by evaluation of the working capacity. The results reveal a clear correlation between pore structure and methane storage properties: Shortening the linker leads to dramatic enhancement of the volumetric working capacity but lowers the gravimetric working capacity. In this work, molecular mechanics and first-principles approaches are employed to design a novel family of MOFs with tcb net topology (for which none of the known coordination polymers is interpenetrated) that satisfy the US DoE targets for automobile applications at low temperature and provide balanced methane total uptakes and working capacities.
Computational details
We analyze the topologies of paddlewheel coordination polymers by the TOPOS 4.0 Professional package 39 . The tcb net topology occurs in several coordination polymers with metal-N and metal-O bonds [40] [41] [42] [43] [44] [45] but has not been reported in coordination polymers with polynuclear secondary building units, such as the paddlewheel cluster 46 .
The tcb net has orthorhombic symmetry with space group Pnna and incident edges forming an angle of 76.6˚4 7 . As this geometry resembles the coordination figure of the metal atoms in the paddlewheel cluster, the tcb net is suitable for building new paddlewheel MOFs. There is only one type of vertex (uninodal net), i.e., the number of building units required to construct structures with tcb net is low, which is favorable both for design and synthesis.
We build MOFs using the paddlewheel cluster and ditopic dicarboxylate linkers shown in Figure 1 . All the linkers considered have been demonstrated to result in stable MOFs [48] [49] [50] . They are given names according to the number of triple bonds (T) and benzene rings (B) in the linker. . Previous studies have demonstrated excellent agreement between experiments and simulations using the methodology of the present work 59, 60 .
Results and Discussion
The Poreblazer program 61 is employed for calculating the geometric surface area (using N as probe), pore volume (using He as probe), and framework density. The results, given in Table 1 together with the lattice parameters,
show a strict trend: The longer the linker the larger are the geometric surface area and pore volume but the smaller is the framework density. Table 1 ), such that no high pressure is required to fill the pores completely. The volumetric total uptake is smaller at moderate pressure than expected from the high framework density. High gravimetric and volumetric total uptakes at 5 bar ( Figure 3 , zoomed view in Figure S1 ) lead to moderate working capacities at all temperatures studied. The 4T, 2B2T, 4B, 2T3B, and 5B MOFs exhibit very high gravimetric total uptakes, due to large pore volumes and low framework density ( Figure 3) . Also, because of the low framework density, the volumetric total uptakes are slightly smaller than for the 2BT and 3B MOFs. It turns out that the volumetric isotherms of the 2BT, 3B, 4T, 2B2T, 4B, 2T3B, and 5B MOFs approach each other for growing pressure, especially at low temperature (240 K and 258 K), when the methane sorption is enhanced. At 298 K the 5B MOF shows the highest gravimetric total uptake, reaching 73 wt%, but moderate volumetric total uptake, due to the lowest framework density. MOF exhibits at 5 bar one of the smallest total uptakes from both the gravimetric and volumetric points of view at all temperatures ( Figure S1 ). This agrees with previous reports on positive effects of triple bonds on the working capacity of porous materials 59, 73 . Moreover, the 4T MOF has higher geometric surface area and pore volume but lower framework density than the 2BT and 3B MOFs (see Table 1 ). The MOFs with the longest linkers and, therefore, lowest framework densities (2B2T, 4B, 2T3B, and 5B) exhibit similar gravimetric total uptakes at 5 bar as the other MOFs, while the volumetric total uptakes are much lower. 
Conclusions
A family of MOFs with tcb net topology has been designed by computational means and the properties have been evaluated in detail for identifying candidates that excell in methane storage. Several members of the family exhibit outstanding total uptakes and working capacities. Specifically, the 4T, 2B2T, 4B, 2T3B, and 5B MOFs perform well at low temperature, satisfying the US DoE targets for automobile applications. The highest gravimetric working capacity at 298 K is observed for the 5B MOF with 52.2 wt% at 5-65 bar and 61.9 wt% at 5-80 bar. The 3B MOF exhibits the most balanced (gravimetric vs. volumetric) total uptake and working capacity at 298 K and all pressures studied. It outperforms many benchmarking materials.
